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Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. and their utility has been well demonstrated (3) (4) (5) (6) (7) . However, both of those instruments dre limited by the fact that the highprecision results must be calculated using an off-line digital computer. Even the chromatograph described by Burke and Thurman (2) , · which uses a small dedicated computer 'for· data acquisition, gives + an on-line precision of only -100 msec in the retention time.
For high-precision work, those authors dump the raw data onto paper tape and perform further calculations on a larger computer.
That requirement can often lead to long turn-around times and the nuisance of processing large amounts·of paper tape.
In non-routine applications and in cases where 9ptimization of parameters is required, computer control of experimental variables is often desirable (8) (9) (10) (11) . In those cases, on-line capability for highprecision readout must be available since the ability of the computer to control the course of study depends upon. how well it can evaluate the results from each experiment. Obviously, if the computdr lacks the programming and/or the core-space to evaluate input with sufficient precision, uncertainties in the values for the parameters being optimized will be greater than necessary, and much of the overall capability of-the system will be wasted.
To meet those objections, a high-precision chromatograph has beeh interfaced to a small digital computer. At the same time, software has been developed which permits precise peak-characteristics to be calculated in real time and typed out within a few seconds aftbr completion of a chromatogram. Hardware has been provided for computer control of temperature and flow, and for direct readout of column-iblet pressure and mass flow rate. The latter permits determination of corrected flow rates at the column outlet, and, hence, calculation of precise retention volumes during the course of each chromatographic run. Because of these features, the instrument is easily used for rapid, precise determination of thermodynamic data, quantitation of peak shapes, and accurate qualitative identification of unknown peaks.
System Design
Gas Chromatograph: A block diagram, of the gas chromatograph and its associated equipment is shown in Figure 1 . The column oven, temperature controller, and temperature-measuring apparatus were essentially identical to those described by Oberholtzer and Rogers (1) . Helium carrier gas was purified by passing it through a Samples were injected into the carrier gas using a pneumatically To help damp high-frequency vibration, the remote head of a did have superimposed on it a 100 mV peak to peak 10KHz ac'signal from the bridge excitation source. Thus, while that'signal was adequa te for operation with a mV recorder, operation with a digital data-acquisition system required additional circuitry. The circuit shown in Figure 2 , used Analog Devices components and effectively filtered out the carrier wave and amplified the 2 mV dc signal to 10 V. It should be noted that while that circuit was relatively slow, the flow transducer itself had about a 15-sec full-scale-response time fo( a step-change of 0-30 ml/min of helium. Furthermore, most gas chromatographic systems require at least 30 seconds to equilibrate after a change in flow rate.
Only in fast pressure programming studies would a slow response lead to difficulties, and in those cases perhaps the flowmeter 1 designed by Thurman and Burke (13) would be more suitable.
Unfortunately, those authors gave no response times and said
,only that the flowmeter response was "fast". Bits 0 and 6·were gated together and cor.ibined with a pulse amplifier
for dirdct clearing of all output bits. Bits 1 and 2 performed the same clearing operation on the binary counting register, but in that case, the pulse amplifier was jumpered to provide a 400 msec pulse and prevent "carries" in the counting register.
Remote actuation of the stepping-moto r,drivers required a negativegoing pulse of at least 10 V magnitude, 1 usec fall-time, and 20 usec duration. The gating illustrated satisfied those requirements and, for example, when bits 3 and 5 were set, stepping motor number one tobk a step in the counter-clockwise direction. Bits 7-10 controlled the multiplexer. Bit 11 controlled the binary-register gate and the flag bit. When the gate was disabled, the one-shot ' provided a 1 usec delay to allow complete settling of the cgunting register before setting the flag and strobing the contents of the counting register into the computer.
Software: To facilitate the development of original,programs for this gas chromatograph, an assembly-language relocatable subroutine library was compiled. Subroutines in the library are -first, second, and third order, and for the most part, perform specific functions related to the hardware described above.
For example, a simple "CALL REGCL" instruction, results ' in a direct
clear operation being performed on the binary counting register.
A list of the subroutine names along with a short description of the purpose of each is shown in Table II . The routines grouped together at the bottom of the table are used in the programs described ' A linear least-squares fit to about 100 data points both before and after 'each peak is applied for area correction. Less than 100
points are used if the program detects an absolute value of the baseline derivative that exceeds a specified 'slope The retention time of the peak mean, 1, is defined by the first moment of the peak (17-18). The peak variance, is found by calculating the second moment about the mean and is further related to the number of theoretical plates by the equation
Pfogram GOUTl makes no provision for overlapped peaks other than to drop a perpendicular to the baseline if the second peak-is detected.
below a thrent.n ld of 1.2 times the baselin e.
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The operation of GOUTl is best described by looking at the input and output shown in Figure 3 . The initial pause permits the ext)erimenter to enter any itpassive" paraineters such as name, date, runidenti fication number, etc. using the teletype "local" mode. Upon pushing run, the experimenter is prompted to enter the following active parameters. SCLl and SCL2 are the picoammeter attenuation and range settings, respectively, used for calculation of peak area in microc6ulombs. TAMB is the ambient temperature, and TOVN the oven (column) temperature. PBAR is the barometric pressure, to the nearest 0.1 mm, and is assumed to be the column-outlet pressure.
TRIG is the derivative trigger value used for peak detection.
PKMIN is the minimum area a peak must have before GOUTl will recognize it, and KPTCH is the number of points at the beginning of a run which the experimenter does not wish to have processed. This last parameter is neqessary because sample injection using an automated sampling valve sometimes gives an uneven baseline at the beginning of a chromatogram which can be interpreted by GOUTl as a peak. Finally, the experimenter is prompted for the dataacquisition rate, in points per second. After all manual input -has ''been completed, the program samples the mass flow rate and the column-inlet pressure, and then halts so as to permit any lastminute adjustments, should they be necessary.
Upon pushing "Run", the sample is injected and data acquisition and processing begin. After the experimenter is satisfied that· the chromatogram has been completed, he sets bit 1 of the switch register up. GOUTl terminates data acquisition, finishes processing the resident data, and prints on the teletype for each peak detected the peak number, area in counts, area in microcoulombs, after all desired flow rates have been run at a given temperature, the temperatures are varied in a Fseudo-random fashion.
The OPCON output for each chromatogram contains the same : information about each peak as descri£ed previously for GOUTl. In , addition to the outlet flow rate and i factor, OPCON writes the oven temperature in 'K, calculated from a calibration curye that will be described below, the resolution between the two peaks calculated from
G2 -tl)
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and a pressure correction factor, fl (18) calculated from f =. 9 (24-1) (22-1) -1
where 2 is the inlet-to-outlet pressure ratio.
A simple assembly-language program, TANDR, was written for use in calibration of flow rate, inlet pressure, and stepping-motor settings. The program aquires a number of data points at a given rate from 'one multiplexer channel, and then dumps the individual , points and their average on the teletype. Both the data-acquisitio n rate and the number of points are specified by the experimenter.
It should be noted that the data-acquisitio n rate must be the same as that used under normal operating conditions to insure identical integration times for all data. were less than 0.01%. A linear least-squares fit to the data gave a Whenever the computer made a change in column temperature, the new temperature was calculated from the calibration curve shown in Grade) in high-purity nitrogen was prepared in order to determine the void volume of the column.
Results
The peak-sensing portions of programs GOUTl and OPCON were tested by interrupting the program operation at an appropriate point and entering, through the switch register, synbhetic data for h baseline and for a normal distribution curve at every 0.1 standard deviation unit. The prggram Was then restarted and the computer output for the synthetic peak compared to hand-calculated values.
Agreement within 0.01% was found for area, mean retention time, and ' peak variance, thereby indicating that the programs were functionipg correctly .
Using the pentane-hexane sample stream, five replicate chromatograms were run at several different sets of experimental conditions. + and HETP for one set. Note that the standard deviations of -0.02% for + retention time and -O.04% for peak variance were comparable to those obtained using an off-line computer (1).' Presumably, higher peak moments could also have been comparable had they been calculated.
It should be mentioned tHat standard deviations for peak characteristics depend a great deal upon the peak shape. Not all peaks could be characterized with the precision reported above. Table II also gives data for the column-outlet flow rate, corrected -for temperature and pressure drop, and the· gas compressibility + coefficient. Although the -0.35% uncertainty in flow rate was expected from the calibration procedutes and was comparable to that taken with a soap-film bubblemeter, the present system was considerably faster and more convenient. Programs GOUTl and OPCON printed only four significant figures of the gas compressibility constant, and, since the measurement was better than that, precision was reported simply as <0.01%, One further measure of the system reliability can be seen from the retention-volume data for methane which are shown at the bottom of Because of a long time-constant for equilibration of the sampling system (0 30 min), no attempt was made to achieve completely reproducible sample sizes in these runs. Consequently the precision of ·, peak area in Table IV is not representative of the gas chromatograph, 
Discussion
To date, our primary objective has been to demonstrate that high-precision chromatographic data can be obtained using a small, on-line, digital computer. However, significant extension of the existing or nearly all, of·the software in assembly language, but the use of a higher-level language was considered to be highly desirable for one-of-a-kind research applications because the programs could be written and debugged in shorter times. For that reason and because the programs could be adapted more easily to other computers, GOUTl and OPCON were written in FORTRAN.
Fortunately, more memory will soon be available on a different computer system. As a result, the two hardware extensions,mentioned above will be incorporated in addition to an interface modification.
: -20 -That last change will involve the gate between the binary'counting register and the VFC, which is controlled directly from the computer.
< 1
The timing for enabling and disabling this gate was critical in
order to obtain meaningful analog-to-digital conversion. This meant that the program had to avoid the chance that the computer might have just started 'executing a, time consuming uninterruptable instruction.
For example, a floating-point divide requires 560 usec, during which up to five "extraN counts could be added to the counting register.
For that reason, the programmable clock was set up to provide ten flags for each data point. The interrupt service routine counted the flags·and, after the ninth, disabled the interrupt and waited for the tenth. When it came up, the gate was immediately disabled, thereby preventing any extra pulses from being counted.
However, as a result, one tenth of the computer time was lost through waiting. Even so, data rates up to 25 points per second could be handled in real time. Since the new computer system will operate in a time-shared mode among several instruments, the clock will have to be wired directly to the gate in order to free the "lost" computer time.
Similarly, the availability of more memory will permit desirable software modifications to be included. For example,
GOUTl uses an eleven-point first-derivative quadratic smooth for peak detection. That choice will not always be the best, and it would ' be beneficial to provide a program option whereby the computer could choese one from a number of such functions, the choice being based upon data-acquisition rate, baseline noise, peak variance, etc.
Unsophisticated program deconvolution of overlapping peaks, and the calculation of the third and fourth central moments of each peak would also be welcome additions. ' One of the most productive uses of this high-precision gas chromatograph will be in automatic empirical determinations of optimum chromatographic conditions for particular separations.
A first step in this direction has been taken by Thurman, Mueller, ' and Burke ( 19) . Their approach involved, however, only single-. 
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